Embryos have the ability to self-regulate and regenerate normal structures after being sectioned in half. How is such a morphogenetic field established? We discovered that quadruple knockdown of ADMP and BMP2/4/7 in Xenopus embryos eliminates self-regulation, causing ubiquitous neural induction throughout the ectoderm. ADMP transcription in the Spemann organizer is activated at low BMP levels. When ventral BMP2/4/7 signals are depleted, Admp expression increases, allowing for self-regulation. ADMP has BMP-like activity and signals via the ALK-2 receptor. It is unable to signal dorsally because of inhibition by Chordin. The ventral BMP antagonists Sizzled and Bambi further refine the pattern. By transplanting dorsal or ventral wild-type grafts into ADMP/BMP2/4/7-depleted hosts, we demonstrate that both poles serve as signaling centers that can induce histotypic differentiation over considerable distances. We conclude that dorsal and ventral BMP signals and their extracellular antagonists expressed under opposing transcriptional regulation provide a molecular mechanism for embryonic self-regulation.
INTRODUCTION
How do embryos reliably generate a perfect tissue and body pattern time after time? Experimental embryology has shown that embryonic regions with equivalent developmental potential, or morphogenetic fields, have the remarkable property of ''regulating'' to re-form a normal structure after experimental perturbations (Harrison, 1918; Huxley and de Beer, 1934; Spemann, 1938) . One striking example of this selfregulation is the ligature experiment of Hans Spemann, in which he used a baby-hair loop to divide a cleaving amphibian embryo into two halves (Spemann, 1903) . The half lacking the dorsal blastopore lip developed into a ''bauchstü ck,'' or belly-piece, consisting of only ventral tissues with no axial structures, whereas the dorsal half developed into a perfectly well-proportioned half-sized embryo containing both dorsal and ventral tissues. Another example of self-regulation is provided by the chick embryo: subdividing the blastoderm into fragments can result in multiple axes when cultured in isolation (Spratt and Hass, 1960; Joubin and Stern, 1999; Bertocchini et al., 2004) . Strikingly, one mammal, the armadillo (Dasypus novemcinctus), can naturally regulate to generate four genetically identical embryos from a single blastocyst during normal reproduction (Enders, 2002) . In humans, it is thought that the most frequent type of identical twins arises from single blastocysts in which the inner cell mass is split in two (Sadler, 2004) . Despite long-standing interest, the molecular mechanisms underlying the capacity of any morphogenetic field to self-regulate remain one of the unsolved mysteries of developmental biology.
A new framework for understanding how the embryo selfregulates is provided by the recent proposal that the gastrula Xenopus embryo contains a dorsal and a ventral signaling center. The dorsal center, or Spemann organizer, is a source of secreted BMP antagonists (such as Chordin, Noggin, Follistatin, and Cerberus) and Wnt antagonists (such as Dkk, Frzb, sFRP2, and Crescent) . At the opposite pole, a ventral center develops in which yet another subset of extracellular regulators-such as the BMP pathway components Xolloidrelated (Xlr), Twisted Gastrulation (Tsg), Crossveinless-2 (CV-2), Sizzled, and Bambi-are expressed at gastrula (reviewed in De Robertis and . Expression of ventral-center genes parallels that of the Bmp4 gene (Niehrs and Pollet, 1999) and is prominently marked by the expression of Sizzled/ogon (Collavin and Kirschner, 2003) and Bambi (Onichtchouk et al., 1999) .
Genetic and molecular studies in zebrafish and Xenopus have shown that BMPs and their secreted antagonists are important regulators of embryonic dorsoventral (DV) patterning Schier and Talbot, 2005) . In particular, much evidence suggests that BMP inhibition is required for central nervous system (CNS) formation in Xenopus (Harland, 2000; Oelgeschlä ger et al., 2003a; Kuroda et al., 2004; Khokha et al., 2005) . Nevertheless, a recent loss-of-function study of the three main ventral BMPs in Xenopus revealed that even triple BMP2/4/7 knockdowns still retained substantial DV polarity (Reversade et al., 2005) .
In the present study, we bisected Xenopus embryos into dorsal and ventral halves at the blastula stage and found that inhibition of BMP4/7 signaling was able to induce neural tissue in ventral half-embryos but was without effect in dorsal halves. An appealing candidate to ensure ventral development in the dorsal halves was the anti-dorsalizing morphogenetic protein (ADMP), a member of the BMP family known to have ventralizing activity despite being expressed in the dorsal gastrula organizing center of Xenopus, zebrafish, and chick embryos (Moos et al., 1995; Joubin and Stern, 1999; Dosch and Niehrs, 2000; Lele et al., 2001; Willot et al., 2002) . Using morpholino oligomer (MO) knockdown, we now demonstrate that transcriptional upregulation of Admp plays a key role in compensating for the depletion of ventrally expressed Bmp2/4/7 since Admp expression is activated by low BMP levels. In the embryo, ADMP activity is blocked on the dorsal side by the secreted BMP antagonist Chordin, which prevents ADMP from binding to its cognate receptor ALK-2. This inhibition is reversed when Chordin is cleaved by the Xolloid-related (Xlr) metalloproteinase (Piccolo et al., 1997; Larrain et al., 2001; Dale et al., 2002) , which is expressed ventrally. Strikingly, when ventral and dorsal BMP signals were simultaneously inactivated in embryos by the quadruple depletion of BMP2, BMP4, BMP7, and ADMP, self-regulation was lost, causing the entire ectoderm to become neural tissue. Transplantation of ventral and dorsal centers into BMP2/4/7/ADMP-depleted hosts demonstrated that both centers can act as a source of BMP signals, restoring epidermal patterning over considerable distances. We conclude that the DV embryonic morphogenetic field of the Xenopus embryo is established in part by BMP signals and extracellular BMP antagonists-such as Chordin, Sizzled, and Bambi-expressed at the dorsal and ventral poles of the embryo, which are under opposite transcriptional regulation.
RESULTS

BMP4 and BMP7 Are Only Required in Ventral Half-Embryos
An embryological assay that separates the dorsal and ventral centers was developed. When embryos with strong DV polarity (Klein, 1987) were bisected at blastula, the ventral half, which is more pigmented, developed into rounded bellypieces consisting of only ventral tissues, while the dorsal half gave rise to a well-proportioned half-sized embryo ( Figures  1A-1D ). We first tested the effects of depletion of BMP4/7 because, in most embryonic assays, triple depletion of BMP2/ 4/7 gave similar phenotypes to those of double BMP4/7 signals (Reversade et al., 2005) . Depletion of BMP4/7 signals reproducibly caused striking phenotypes in ventral halves . Neural tissue is normally lacking in ventral halves, but after BMP4/7 depletion, strong elongation and CNS differentiation, marked by Sox2 expression, were observed ( Figure 1F ). We were surprised to find, however, that, in dorsal half-embryos, knockdown of BMP4/7 was virtually without effect (compare Figures 1C and 1E ). This suggested that an additional ventralizing signal present in the dorsal side might compensate for the lack of BMP4/7.
ADMP Is Required in Dorsal Half-Embryos
The BMP-like growth factor ADMP (Moos et al., 1995; Dosch and Niehrs, 2000) provided an excellent candidate for this signal (Figure 2A ). This prompted us to re-examine its expression and function during Xenopus development. At blastula and gastrula stages, Admp was expressed dorsally in cells closely associated with the region of Chordin expression, and injection of Xenopus Admp mRNA activated expression of known BMP target genes ( Figure 2B ; see also Figures S1 and S2 in the Supplemental Data available with this article online).
To study the function of ADMP in vivo, we designed an antisense MO targeting both Xenopus laevis Admp pseudoalleles found in the EST databases ( Figures 2E and 2F ). Microinjection of Admp MO into each blastomere at the four-cell stage resulted in embryos showing signs of decreased BMP signaling, such as impaired Sizzled expression in the ventral side and increased Six3 expression in the forebrain and eyes (Figures 2G and 2H) . Importantly, all defects associated with loss of endogenous ADMP activity could be rescued by microinjection of synthetic mRNA encoding zebrafish Admp, which lacks the sequences targeted by Admp MO (Figures  2H-2J ; Willot et al., 2002) .
We next asked whether ADMP was required for the selfregulation observed in dorsal half-embryos (Figure 3 ). Knockdown of ADMP was without effect on the development of ventral halves ( Figures 3D and 3F) . Instead, dorsal halves depleted of ADMP had greatly expanded neural tissue marked by Sox2 expression (compare Figures 3C and 3E) . We conclude that self-regulation in dorsal half-embryos requires ADMP signals originating from Spemann's organizer.
Admp and Bmp4 Are under Opposite Transcriptional Regulation ADMP and BMP4 share similar sequence and ventralizing activity yet have diametrically opposed expression patterns. This poses a conundrum as to why embryos have two distinct sources of BMP signals at opposite poles, when in principle one should suffice. Microinjection of Chordin protein or knockdown of BMP4/7 activity increased Admp expression ( Figure 2C and data not shown), indicating that expression of Admp might be negatively regulated by BMP signaling.
As shown in Figure 3G , we tested this directly by analyzing transcript levels of ventral and dorsal marker genes in embryos in conditions of either high or low BMP signaling, using injections of recombinant BMP4 or Chordin protein into the blastocoele cavity ( Figure 3G ). RT-PCR analyses of whole embryos at midgastrula (stage 11) showed that transcription of dorsal genes such as Chordin and Admp was inhibited by high BMP levels ( Figure 3G , lanes 3 and 5). When BMP signaling levels were decreased by injecting increasing amounts of Chordin protein, Admp expression was upregulated ( Figure 3G, lane 1) . Conversely, expression of Bmp4 was positively regulated by BMP signaling ( Figure 3G ). High levels of BMP4 activated transcription of the ventral-center genes Sizzled and Bambi ( Figure 3G , lane 5). In situ hybridizations confirmed an expansion of the ventral center marked by Bambi or Sizzled at the expense of the Spemann organizer marked by Admp or Chordin ( Figure S3 ).
Bambi encodes a natural dominant-negative BMP receptor (Onichtchouk et al., 1999) , and Sizzled/Ogon is a negative-feedback inhibitor of BMP signaling (Yabe et al., 2003) . To show that, at high BMP levels, Bambi and Sizzled function as BMP antagonists in the ventral center, we knocked down these genes. Both Bambi (this study) and Sizzled (Collavin and Kirschner, 2003) MO caused ventralization on their own (data not shown). Bambi and Sizzled MO synergized when coinjected, expanding the ventral center and greatly reducing neural tissue ( Figures 3H and 3I ). Knockdown of these ventral-center genes sensitized the embryo to a single injection of Admp mRNA on the dorsal side, causing the complete loss of CNS ( Figures 3J and 3K ). This experiment shows that Bambi and Sizzled function as bona fide BMP antagonists in the ventral center.
We conclude that a key difference between ventral BMPs (e.g., BMP4) and ADMP, which have similar ventralizing activity, resides in their opposite transcriptional regulation by the BMP signaling pathway itself. In this ''seesaw-like'' type of self-regulation, Admp expression is turned on by low BMP signaling levels ( Figure 3L and Figure S7 ). The opposite is true for Bmp4, which is positively regulated by BMP signals. High BMP levels increase expression of the BMP antagonists Bambi and Sizzled, which serve as feedback inhibitors of BMP signaling in the ventral side. When Admp/Chordin expression goes down, ventral Bmp4/Sizzled/Bambi expression goes up, and vice versa. This provides the embryo with an elegant yet simple way of adjusting and maintaining BMP signaling levels in a developing morphogenetic field ( Figure 3L ).
Inhibition of ADMP Binding to ALK-2 Receptor by Chordin/Tsg Is Released by Xlr Xenopus ADMP promotes ventral development, and this is achieved, as is the case for other BMPs, through the phosphorylation of the transcription factor Smad1 ( Figure 2F ) without affecting the Smad2, Erk, or b-catenin pathways ( Figure S4 ). Chordin protein injection blocked ADMPinduced Smad1 phosphorylation in embryos ( Figure 2F , lane 4), suggesting that Chordin might repress ADMP in vivo.
To test for a direct biochemical interaction between Chordin, ADMP, and cofactors of the Chordin pathway, crosslinking experiments were performed with supernatants of transfected 293T cell cocultures ( Figures 4A-4C ). The results showed that Myc-tagged ADMP protein (Willot et al., 2002) could be detected in a high-molecular weight complex when chemically crosslinked (by disuccinimidyl suberate) in solution to Chordin alone or to Chordin and Tsg together ( Figure 4A , lanes 5 and 6). Moreover, formation of these complexes was inhibited by the metalloproteinase Xlr (Figures 4A and 4B, lanes 8 and 9), which cleaves Chordin. The binding of ADMP, Chordin, and Tsg was confirmed by immunoprecipitation in the absence of crosslinker ( Figure S5 ).
We next investigated whether Chordin and Tsg block the binding of ADMP to its cognate receptor. Previous work of Dosch and Niehrs (2000) had shown that ADMP signaling could not be inhibited by tBR, a truncated ALK-3 BMP receptor. Immunoprecipitation studies using chimeric human BMP receptors (BMPR) fused to the Fc fragment of IgG confirmed that ADMP does not bind to BMPR-Ia (ALK-3), BMPR-Ib (ALK-6), or BMPR-II ( Figure 4D ). Instead, we found specific binding to ALK-2 ( Figure 4D , lane 4), a different type I BMPR (Macias-Silva et al., 1998) . Using this ALK-2-Fc fusion protein, we were able to show that Chordin decreased ADMP binding to its receptor, while the combination of Chordin and Tsg blocked it ( Figure 4E ). Importantly, addition of Xlr metalloproteinase cleaved Chordin and restored ADMP binding to ALK-2 ( Figure 4E , lanes 4 and 5). These biochemical results show that ADMP is subjected to extracellular regulation by Chordin, Tsg, and Xlr, which regulate ADMP binding to its dedicated ALK-2 cell-surface receptor.
ADMP and Chordin Interact in the Embryo
We next asked whether ADMP is regulated by Chordin in vivo ( Figure 5 ). Admp MO-injected embryos were dorsalized, with expanded Otx2 and decreased Sizzled expression ( Figure  5B ), indicating reduced BMP signaling. Conversely, Chd MO-injected embryos were ventralized ( Figure 5C ), with an expanded Sizzled expression domain and reduced head structures (Oelgeschlä ger et al., 2003a) . When ADMP and Chordin activity were depleted simultaneously, Chordin/ Admp morphants were virtually indistinguishable from wildtype embryos ( Figure 5D ), demonstrating that an inhibitory interaction between ADMP and Chordin does take place in the embryo. To further test this interaction in a gainof-function situation, embryos were injected with doses of Xenopus Admp mRNA sufficient to eliminate CNS formation, which could be restored by a single dorsal injection of Chordin mRNA (Figures 5E and 5F ). In addition, ventral injection of Chordin mRNA, which induced partial secondary axes, was potentiated in ADMP-depleted embryos, causing complete secondary axes with two eyes marked by Six3 (Figures 5G  and 5H ). Moreover, depletion of ADMP rendered the embryo hypersensitive to forebrain expansion induced by a low dose of Chordin ( Figure S6 ). Finally, classical Spemann organizer grafts performed at stage 10 3 ⁄ 4 (midgastrula), which induce trunks with no eyes or cyclopic eyes, were able to induce complete head structures containing two eyes when the donor organizer had been depleted of ADMP ( Figures 5I and 5J ). Taken together, these loss-and gain-of-function experiments strongly suggest that Chordin inhibits ADMP in vivo.
Quadruple Knockdown of ADMP/BMP2/4/7 Is Sufficient for Neural Induction To determine whether a self-regulating field is indeed established by the opposite regulation of ventral BMPs and dorsal ADMP, we inhibited both BMP sources simultaneously by coinjecting Bmp2, Bmp4, Bmp7, and Admp MOs (Figure 6 ). This experiment produced a remarkable result. Knockdown of ADMP or of BMP2/4/7 caused CNS expansion, but embryos still retained DV patterning ( Figures 6A-6C ). Strikingly, quadruple ADMP/BMP2/4/7 knockdown resulted in radially dorsalized embryos in which the entire ectoderm was converted into CNS, as demonstrated by the panneural marker Sox2 ( Figure 6D ).
This ubiquitous induction of neural fate in the ectoderm ( Figure 6D , inset) was accompanied by the reciprocal loss of epidermal fate, as shown by the absence of Cytokeratin expression (Figures 6E and 6F) . If any of the four MOs was omitted, neuralization was incomplete and some epidermal differentiation remained. With the exception of an extruding extension that contained the blastopore at its tip (corresponding to the spinal-cord region), the CNS induced by quadruple knockdowns consisted mostly of radial brain tissues, as evidenced by the circumferential expression of the fore-and midbrain marker Otx2, the telencephalic marker Rx2a, and the hindbrain marker Krox20 (Figures 6G and  6H) . We conclude that ventral (BMP2/4/7) and dorsal (ADMP) BMPs are simultaneously required for regulative DV patterning. Quadruple inhibition of ADMP/BMP2/4/7 signaling is sufficient for the entire ectoderm to acquire neural fate at the expense of the epidermal lineage. This strongly supports the view that inhibition of BMP signaling is sufficient for neural induction in vivo and that BMP signaling establishes a selfregulating morphogenetic field.
BMP Antagonists and DV Patterning
The BMP antagonists Chordin, Noggin, Follistatin, and Cerberus are needed for dorsal development in Xenopus (Oelgeschlä ger et al., 2003a; Kuroda et al., 2004; Khokha et al., 2005) . To show that the ubiquitous neural induction seen in quadruple ADMP/BMP2/4/7 knockdowns was due to the loss of ligands rather than to an increase in their antagonists, we performed epistatic experiments in which eight antagonists and ligands were knocked down concomitantly. Knockdown of Chordin/Noggin/Follistatin/Cerberus greatly decreased anterior CNS tissue (compare Figures 6I and 6K) . In a recent study, a more complete loss of neural plate was found in Xenopus tropicalis triple Follistatin/Chordin/ Noggin-depleted embryos (Khokha et al., 2005) ; the difference with our results may arise from incomplete targeting of some cDNA isoforms in Xenopus laevis. When Admp/Bmp2/ 4/7 morpholinos were coinjected into Chordin/Noggin/ Follistatin/Cerberus-depleted embryos, it was found that the BMP ligands were epistatic to the secreted antagonists, so that ubiquitous neural induction was still observed ( Figure  6M ). Thus, the complete neuralization is caused by a lack of BMP ligands and not by an increase of BMP antagonists. In a gain-of-function situation, Chordin (1 mM) or Noggin-Fc (0.5 mM) protein injections (40 nl) into the blastocoele cavity were able to completely block endogenous BMP ligands, causing ubiquitous neural induction throughout the ectoderm as well ( Figure 6N) .
A particularly informative experiment was carried out taking advantage of triple BMP2/4/7 knockdowns, in which epidermal differentiation should be mediated solely by ADMP. These embryos had an expanded CNS but retained considerable amounts of epidermis on the ventral side, at a great distance from the dorsal source of ADMP secretion ( Figures  6C and 6O) . Chordin can inhibit ADMP activity, and this inhibition is reversed by the ventrally produced Xlr protease ( Figure 6J ). Dominant-negative Xlr mRNA inhibits Chordin cleavage (Dale et al., 2002) and moderately expanded the neural plate in wild-type embryos ( Figure 6L ). In a BMP2/4/7-depleted background, the same dose of DN-Xlr triggered ubiquitous neural differentiation at the expense of epidermis ( Figure 6P ). This experiment shows that, in conditions in which DV patterning relies exclusively on ADMP, Xolloid-related activity plays a crucial role in self-regulation by releasing active ADMP from Chordin. This result also implies that, in vivo, there is sufficient Chordin made to block the activity of ADMP.
DV Rescue by BMP4 Protein Injection
We next asked whether DV patterning could be rescued in ADMP/BMP2/4/7-depleted embryos by providing an exogenous source of BMP. Rescue was achieved by microinjecting recombinant BMP4 protein into the blastocoele cavity at the late blastula stage (Figures 7A and 7B) . Remarkably, Figure 6F ). This experiment demonstrates that the ventral center produces ''organizing'' signals. (J-L) Dorsal-center grafts elongate and rescue neural and epidermal patterning over the entire embryo (n = 21). The dorsal graft is the sole source of BMP in these quadruple BMP2/4/7/ADMP-depleted hosts. Note that epidermis is induced only at a distance.
lineage-tracing experiments showed that the exogenous BMP4 protein rescued DV pattern according to the original polarity of the zygote (Figures 7C-7E ). This was surprising because it occurred even though the BMP4 protein had been microinjected uniformly, filling the blastocoele cavity. We propose that extracellular regulators of the BMP signaling pathway such as the dorsal molecules Chordin, Noggin, and Follistatin and ventral ones such as Xlr, CV-2, Sizzled, Tsg, and Bambi are still functional in BMP-depleted embryos, providing a means of re-establishing a BMP activity gradient utilizing the microinjected BMP4 protein. The morphogenetic field is generated by the localized activity of BMP antagonists, as well as by the opposite transcriptional regulation of dorsal and ventral BMPs.
Dorsal or Ventral BMP Sources Can Pattern the Embryo
Our proposal that the embryonic DV morphogenetic field is mediated by reciprocal regulation of ventral and dorsal signaling centers had one major weakness: extensive grafting of the ventral-center region of the gastrula had failed to show any inductive activity on neighboring cells. Instead, grafted cells simply became incorporated into the tissues of the embryonic region into which they were transplanted (Smith and Slack, 1983 ; unpublished data). The availability of quadruple ADMP/BMP2/4/7 knockdowns that undergo ubiquitous neural differentiation ( Figures 7A and 7D ) allowed us to demonstrate that the wild-type ventral center indeed has inductive activity (Figures 7F-7I) . In a BMP-deficient background, transplantation of a ventral center at gastrula was able to rescue the formation of a neural plate flanked by neural folds and epidermis ( Figure 7G ). Using lineage-traced (nuclear lacZ) grafts and neural Sox2 and epidermal Cytokeratin markers, it was found that while the transplanted cells remained in the ventral-posterior region, they had inductive effects at very considerable distances, patterning the differentiation of CNS and epidermis at the opposite end of the embryo (Figures 7H and 7I ; Figure 7A and Figure 6F show nongrafted host embryos). We conclude that a ventral signaling center can regulate histotypic differentiation over great distances, presumably by releasing BMP signals.
We next tested the ability of the dorsal Spemann organizer, a known source of secreted growth-factor antagonists, to function as a source of BMP activity in the embryo. Strikingly, dorsal grafts restored neural plate and epidermal differentiation when grafted into ADMP/BMP2/4/7-deficient embryos (Figures 7J-7L ; compare to nongrafted hosts in Figures 7A and 7D and Figure 6F ). The lacZ-marked grafts, which serve as the source of BMP in these embryos, elongated and contributed a thin stripe of floor plate, notochord, and prechordal plate ( Figure 7J ). Signals emanating from the graft induced epidermal differentiation in the opposite, ventral side of the embryo ( Figure 7L ). The ventralizing activity of the graft only manifested itself at a distance, for the neural plate-a region of low BMP signaling-formed at the sides of the dorsal graft ( Figures 7J and 7K) . Presumably, in tissues near the grafted cells, BMP antagonists such as Chordin block ADMP signaling, and this inhibition is reversed by Xlr ventrally.
These embryological experiments demonstrate that a ventral center that can signal over large distances is present in the gastrula. In the opposite side of the embryo, the Spemann organizer also serves as a source of ventralizing signals that can act at considerable distances.
DISCUSSION
One of the long-standing unanswered questions in developmental biology is how a self-differentiating morphogenetic field is established. The Xenopus gastrula embryo contains dorsal and ventral centers (reviewed in De Robertis and ) that set a new paradigm for understanding how the embryo can self-regulate. Surprisingly, the ventral center expresses secreted molecules of similar structure and biochemical activities to those of the dorsal center or Spemann organizer. This is particularly true for the BMP signaling pathway, in which similar BMP ligands (ADMP and BMP4/7) and extracellular BMP antagonists (Chordin and Crossveinless-2) are expressed at opposite poles of the embryo. This raises a question: how is a BMP activity gradient generated if each pole of the embryo acts as a source of similar biochemical activities?
Here we propose that this can be answered in part through a self-adjusting ''conversation'' between cells in the ventral and dorsal poles of the embryo via modulation of BMP signals in the extracellular space. This model stems from four key observations. First, the lowering of BMP levels triggers transcription of Admp, allowing compensation to take place. Second, when dorsal and ventral BMPs are simultaneously abrogated (by quadruple ADMP/BMP2/4/7 depletion), the self-regulating morphogenetic field collapses, and ubiquitous neural induction ensues. Third, the response of the system to changes in BMP levels can be dampened by BMP modulators such as Bambi, Sizzled, Xolloid-related, and Chordin. Fourth, ventral or dorsal grafts are able to restore the entire embryonic morphogenetic field in quadruple BMPdeficient hosts.
Dorsal and Ventral BMPs Are Under Opposite Transcriptional Regulation
Low BMP signaling increased Admp expression, whereas BMP4 microinjection positively regulated Bmp4 transcription. At high levels of BMP4, expression of BMP antagonistsnamely Bambi (Onichtchouk et al., 1999) and Sizzled/ogon (Collavin and Kirschner, 2003; Yabe et al., 2003) , which serve as negative-feedback regulators-was triggered in the ventral center. This suggests a mechanism for controlling the BMP morphogenetic activity gradient by reciprocal regulation of Admp or Bmp4 and their antagonists at opposite poles of the embryo. In this model, the patterning system constitutes a self-sustaining ''BMP seesaw'' that patterns the ectoderm ( Figure 3L and Figure S7 ). The developing embryo contains many self-regulating morphogenetic fields discovered by experimental embryology methods, such as the limb, heart, lens, ear, and nose fields (Harrison, 1918; Huxley and de Beer, 1934) . It is conceivable that genes sharing similar biochemical activities but under opposite transcriptional regulation may provide a means of self-regulation in other systems as well. In particular, human embryonic stem cells (HESCs) are notoriously difficult to differentiate into homogeneous cell types (Brivanlou et al., 2003) and may also be subject to this type of reciprocal regulation.
Quadruple ADMP/BMP2/4/7 Knockdown Causes Complete Neuralization of Ectoderm How is the right amount of brain tissue allocated in the embryo? During gastrulation, ectodermal cells must choose between two distinct fates: epidermal or neural (Harland, 2000; Munoz-Sanjuan and Brivanlou, 2002; De Robertis and Kuroda, 2004; Stern, 2005) . Epidermal differentiation requires BMP signals, and neural tissue is formed when BMP is inhibited. ADMP is a BMP growth factor paradoxically expressed in the dorsal side of the embryo, which is a region of low BMP signaling (Moos et al., 1995; Joubin and Stern, 1999; Dosch and Niehrs, 2000; Lele et al., 2001) . ADMP knockdown expanded CNS formation, but embryos retained DV polarity and epidermal differentiation. We had previously shown that, in embryos lacking Spemann's organizer, BMP2/4/7 inhibition caused radial brain formation but still retained epidermis in about half of the ectoderm (Reversade et al., 2005) . The most remarkable finding made in the course of the present study was that inhibition of endogenous BMP2/4/7 and ADMP signals is sufficient to convert the entire ectoderm into neural tissue in vivo. This complete respecification of the ectoderm causes ubiquitous brain differentiation and takes place at the expense of epidermal fate. This experiment demonstrates that the DV morphogenetic field requires both dorsal and ventral BMP sources.
BMP Antagonists Fine Tune the Pattern
In addition to the reciprocal transcriptional regulation of dorsal and ventral BMP growth factors, BMP antagonists play a critical role in regulating the pattern. Several experiments support this view.
First, when quadruple BMP knockdowns were rescued by unlocalized microinjection of BMP4 protein into the blastocoele cavity, DV patterning was rescued according to the original polarity of the embryo (Figures 7A-7E ). Since BMP ligand synthesis was blocked in these quadruple morphants, the morphogenetic activity gradient is likely to be restored by extracellular regulators produced in the dorsal center (such as Chordin, Noggin, Follistatin, and Cerberus) and in the ventral center (such as Bambi, Sizzled, Xlr, Tsg, and CV-2) acting on the microinjected BMP4 protein.
Second, we showed that ADMP can form a ternary complex with Chordin and Tsg and prevents binding of ADMP to its cognate receptor, identified here as ALK-2. Previous work had shown that, in chick, ADMP plays an important function as an inhibitor of ectopic Hensen's node formation, but the authors were unable to detect inhibition of ADMP activity by Chordin (Joubin and Stern, 1999) . In Xenopus, it had been observed that Follistatin inhibits ADMP function (Dosch and Niehrs, 2000) . We now show that the antineural effects of ADMP are neutralized by Chordin and that Spemann grafts depleted of ADMP have an increased capacity to induce complete head structures.
Third, the importance of Chordin in regulating ADMP biological activity is illustrated by an experiment using DN-Xlr, a protease-inactive mutant that inhibits Chordin degradation (Dale et al., 2002) . In BMP2/4/7-depleted embryos, ADMP is the main BMP left, and, in this background, elevating endogenous Chordin levels by injecting DN-Xlr mRNA caused ubiquitous neural induction ( Figure 6P ). This indicates that pattern regulation is mediated by Chordin, ADMP, and the Xlr metalloproteinase that releases ADMP in the ventral side.
Finally, BMP antagonists from the ventral center also modify the response of the embryo to ADMP signals from the dorsal side. When Bambi and Sizzled were depleted simultaneously, the embryo became hypersensitive to the ventralizing (antineural) activity of Admp mRNA. This indicates that small changes in ADMP levels can be adjusted for by the morphogenetic system through antagonistic activity of Bambi and Sizzled. We conclude that self-regulation in DV patterning results from dorsal and ventral sources of BMPs and their extracellular modulators ( Figure 3L ).
Establishment of a Morphogenetic Field from Dorsal and Ventral BMP Sources
Ventral-center grafts at gastrula were able to restore a patterned neural plate and epidermis to ADMP/BMP2/4/7-deficient embryos ( Figures 7G-7I) . Remarkably, the graft was able to induce cell differentiation-for example, of epidermis-at great distances spanning most of the embryo. Showing that a ventral center with inductive activity exists at gastrula was important because ventral-center genes are transcribed as part of the Bmp4 synexpression group, which undergoes dynamic changes during gastrulation as the blastopore closes (Niehrs and Pollet, 1999) . Genes of the ventral center are initially expressed in most of the embryo except for the organizer but subsequently narrow to the ventral sector of the midgastrula embryo ( Figure 3H ). From these transplantation experiments, we conclude that ventral cells can serve as an organizing center releasing signals that can change histotypic differentiation over considerable distances.
The dorsal side can also, paradoxically, serve as a source of ventralizing activity. When a wild-type organizer was transplanted into the dorsal side of a quadruple BMP-depleted embryo, it was able to restore the entire DV pattern, with epidermal tissue forming at the ventralmost side of the embryo (Figures 7J-7L ). Although this experiment is highly suggestive, we note that the transport of ADMP to the ventral side was not proven directly by molecular methods as has been possible in Drosophila, in which the existence of a BMP extracellular transport system has been established (Shimmi et al., 2005; Wang and Ferguson, 2005) . We found that ADMP binds a type I receptor (ALK-2) distinct from the canonical BMP transducers ALK-3 and ALK-6. Since ALK-2 is most similar to Drosophila Saxophone, a receptor dedicated to the BMP ligand Screw (Neul and Ferguson, 1998) , it is possible that vertebrate ADMP fulfills similar functions to those of Screw in Drosophila.
Self-regulation during development is key to ensure that the process is error tolerant and reproducible time after time (Harrison, 1918; Huxley and de Beer, 1934; Spemann, 1938) . In Xenopus, the self-regulative nature of the embryo allows formation of a well-proportioned DV pattern in bisected dorsal half-embryos. The molecular nature of pattern formation in a self-regulating field of cells has been one of the most difficult problems in developmental biology. Mathematical reaction-diffusion models suggest that a stable pattern can be generated by a long-range inhibitor and a short-range activator released from a single source. (Meinhardt, 1992; Niehrs and Meinhardt, 2002 ; http://www.eb.tuebingen. mpg.de/dept4/meinhardt). Chordin and ADMP could provide such a duo, contributing pattern to a morphogenetic field. However, the situation must be much more complex, considering the multitude of additional molecules secreted by the dorsal and ventral centers . Despite the complexity of the molecular interactions that pattern the gastrula, there is hope that, with the rise of systems biology (Kirschner, 2005) , one day this intricate extracellular machinery will be understood as an integrated molecular circuit. In the meantime, the combination of multiple morpholino knockdowns and embryological transplantations possible in Xenopus provide a powerful assay system for investigating how a self-regulating morphogenetic field is established in a vertebrate. ; and Sizzled MO (Collavin and Kirschner, 2003) were as described. MOs were resuspended in sterile water to a concentration of 1 mM, which was then further diluted to give a working solution of 0.25 mM. Prior to microinjections, MO mixtures were heated at 95ºC for 25 s and placed on ice. When multiple MOs were tested, a mixture was prepared and embryos were injected four times radially at the two-to four-cell stage. For mRNA microinjections, 100 pg (25 pg four times in each blastomere at the four-cell stage) of zebrafish or Xenopus Admp and 200 pg of DN-Xlr (Dale et al., 2002) were used.
Embryological Methods
Microinjections and mRNA synthesis were performed as described (Piccolo et al., 1997) . RT-PCR conditions and primers, as well as the protocol for whole-mount in situ hybridization, can be found at www.hhmi.ucla. edu/derobertis/index.html. Dorsal and ventral halves were prepared from embryos with strong DV polarity (Klein, 1987) . Blastula-stage embryos (stage 9) were manually dechorionated in 0.3Â modified Barth's solution, bisected into two equal halves along the prospective dorsoventral axis using a surgical blade or sharp forceps, and cultured in fresh 0.3Â Barth's solution. Ventral and dorsal grafts were transplanted and cultured in Steinberg's solution.
Protein Injections and Biochemistry
Blastocoele injections of 40 nl of recombinant mouse Chordin (1 mM), mouse Noggin-Fc (0.5 mM), or human BMP4 (0.3 mM) proteins from R&D Systems were carried out at late blastula stage. Crosslinking and immunoprecipitation experiments were as described (Oelgeschlä ger et al., 2003b) using proteins harvested from supernatants of 293T cells. Briefly, zebrafish Admp, human Tsg, mouse Chordin, and Xenopus Xlr were transfected independently in HEK293T cells and then combined in cocultures. After 48 hr, secreted proteins were either dialyzed overnight into PBS for crosslinking experiments or directly immunoprecipitated using anti-Myc beads (Covance). Receptor binding assays were carried out as described (Larrain et al., 2001) with Protein A beads (Pierce) using human recombinant chimeric ALK-2-Fc, ALK-3-Fc, ALK-6-Fc, BMPR-II-Fc, mouse Tsg, and Chordin proteins from R&D Systems Inc. Anti-mouse Chordin antibody (R&D Systems, AF758) was diluted 1:500, anticarboxy-phosphorylated Smad1 antibody (a kind gift from C. Heldin, Ludwig Institute, Uppsala) 1:4000, anti-carboxy-phosphorylated Smad2 antibody (Cell Signaling Technology, #3101) 1:1000, anti-b-catenin antibody (Sigma, C2206) 1:3000, anti-diphosphorylated Erk antibody (Sigma, M8159) 1:1000, and anti-actin antibody (Sigma, A4700) 1:500.
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